Myofibroblasts are key contributors to pathological fibrotic conditions of several major organs. The transdifferentiation of fibroblasts into myofibroblasts requires both a mechanical signal and transforming growth factor- (TGF-) signaling. The cation channel transient receptor potential vanilloid 4 (TRPV4) is a critical mediator of myofibroblast transdifferentiation and in vivo fibrosis through its mechanosensitivity to extracellular matrix stiffness. Here, we showed that TRPV4 promoted the transdifferentiation of human and mouse lung fibroblasts through its interaction with phosphoinositide 3-kinase  (PI3K), forming nanomolar-affinity, intracellular TRPV4-PI3K complexes. TGF- induced the recruitment of TRPV4-PI3K complexes to the plasma membrane and increased the activities of both TRPV4 and PI3K. Using gain-and loss-of-function approaches, we showed that both TRPV4 and PI3K were required for myofibroblast transdifferentiation as assessed by the increased production of -smooth muscle actin and its incorporation into stress fibers, cytoskeletal changes, collagen-1 production, and contractile force. Expression of various mutant forms of the PI3K catalytic subunit (p110) in cells lacking PI3K revealed that only the noncatalytic, amino-terminal domain of p110 was necessary and sufficient for TGF--induced TRPV4 plasma membrane recruitment and myofibroblast transdifferentiation. These data suggest that TGF- stimulates a noncanonical scaffolding action of PI3K, which recruits TRPV4-PI3K complexes to the plasma membrane, thereby increasing myofibroblast transdifferentiation. Given that both TRPV4 and PI3K have pleiotropic actions, targeting the interaction between them could provide a specific therapeutic approach for inhibiting myofibroblast transdifferentiation.
INTRODUCTION
Fibroproliferative diseases most prominently affect the heart, vasculature, kidney, liver, and lungs and collectively account for more than 45% of the overall mortality in the United States (1) (2) (3) (4) . Myofibroblasts play a major role in fibroproliferative diseases by secreting extracellular matrix proteins and profibrotic cytokines, and through their contractile function (5, 6) . The mechanisms that drive myofibroblast generation from fibroblasts and their persistence remain an area of active investigation (7) . The two main signals required for myofibroblast generation are mechanical signaling and active transforming growth factor- (TGF-) (8, 9) .
The process by which a cell transduces extracellular mechanical stimuli into intracellular chemical signals is known as mechanotransduction (10, 11) . Mechanotransduced signals affect many vital cell functions, including cell fate, proliferation, migration, apoptosis, and survival (10, 12, 13) . Emerging work demonstrates that cells use integrins and stretch-sensitive plasma membrane ion channels to transduce mechanical signals that are then integrated with signals from soluble ligands through growth factor or G protein-coupled receptors (GPCRs) (10, 14) . However, the specifics of the mechanical signal, the sensing capabilities, the precise receptors, the phenotypic cell responses, and the intracellular pathways involved are highly context dependent and poorly understood.
Transient receptor potential vanilloid 4 (TRPV4) is a ubiquitous mechanosensitive cation channel that functions in the plasma membrane. TRPV4 is activated by a wide range of chemical [for example, 4-phorbol-12,13-didecanoate (4-PDD) and arachidonic acid metabolites] and physiological (such as hypotonicity, cell swelling, and heat) stimuli (15) . Previous work from our laboratory revealed that TRPV4 action drives the TGF--induced transdifferentiation of fibroblasts into myofibroblasts that underlies pulmonary fibrosis in vivo and is dysregulated in idiopathic pulmonary fibrosis (IPF) in humans (16) . We further showed that TRPV4 drives myofibroblast transdifferentiation, in part through promoting extracellular calcium (Ca 2+ ) influx in a mechanosensitive manner, over a physiological range of matrix stiffness (16) . Furthermore, this effect occurred through cross-talk with SMAD-independent, noncanonical TGF- signaling (16) . TRPV4 has large intracellular N-and C-terminal regions that have been shown to interact with several intracellular signaling pathways (15) . Here, we aimed to identify the intracellular molecules with which TRPV4 interacts to drive myofibroblast transdifferentiation and thereby in vivo organ fibrosis. We found that TGF--driven, TRPV4-dependent transdifferentiation of human (HLF) and mouse (MLF) lung fibroblasts required the noncatalytic, N-terminal domain of phosphoinositide 3-kinase  (PI3K) to form TRPV4-PI3K complexes. Upon TGF- stimulation, TRPV4 and PI3K were mutually required for one another's accumulation at the plasma membrane and for lung fibroblasts to transdifferentiate. Targeting the interaction between TRPV4 and PI3K may disrupt fibrogenic processes that contribute to organ fibrosis in vivo.
to matrix stiffness (17) , we examined whether PI3K pathway activation occurred downstream of TRPV4 activation. Knocking down TRPV4 in HLFs (specifically, 19Lu cells, plated on plastic) with small interfering RNAs (siRNAs) or treating the cells with the TRPV4-specific antagonist RN-1734 significantly blocked activation of the kinase AKT, a PI3K downstream effector, upon TGF- stimulation (Fig. 1, A to D) . Whereas TGF- increased the activity of both PI3K and PI3K isoforms at the plasma membrane, only PI3K exhibited increased lipid kinase activity that depended on TRPV4 (Fig. 1, E and F) . These data indicate that TGF--induced activation of PI3K depends on TRPV4 (Fig. 1, E and F) .
TRPV4 binds directly to PI3K, and TRPV4-PI3K complexes are recruited to the plasma membrane upon TGF- stimulation
We next determined whether TRPV4 and PI3K directly interact. TRPV4 bound to PI3K with nanomolar affinity in several independent techniques and assay methods using His-tagged forms of the human proteins. First, purified His-tagged TRPV4 coupled to nickel nitrilotriacetic acid (Ni-NTA) beads bound to purified PI3K in an in vitro solution binding assay ( Fig. 2A) . Second, purified PI3K bound to immobilized, purified TRPV4 in a concentrationdependent manner with nanomolar affinity (K d = 320 nM) by surface plasmon resonance (SPR) assay ( Fig. 2B ). Third, purified PI3K coupled to Ni-NTA beads directly interacted with endogenous TRPV4 in HLF whole-cell lysates in an in vitro pull-down assay ( Fig. 2C) (18) . To determine the location of the TRPV4-PI3K complex in cells, the plasma membrane and cytosolic fractions of HLF lysates were analyzed for TRPV4-PI3K complexes by coimmunoprecipitation. Coimmunoprecipitation revealed that TRPV4-PI3K complexes were present in both the plasma membrane and cytosolic fractions in HLFs under basal conditions. Treating the cells with TGF- significantly increased the amount of TRPV4-PI3K complexes at the plasma membrane but had no effect on the amount in the cytoplasm (Fig. 2 , D and E). The observed effect was not simply due to changes in overall TRPV4 or PI3K cellular protein abundance upon TGF- treatment (Fig. 2 , D and E). Together, these data demonstrate a nanomolar-affinity, direct interaction between TRPV4 and PI3K that localizes to the plasma membrane upon TGF- treatment.
TRPV4 and PI3K are mutually required for translocation of TRPV4-PI3K complexes to the plasma membrane
To better understand the molecular requirements for PI3K and TRPV4 translocation to the plasma membrane, we used loss-of-function experiments to determine the individual roles of PI3K and TRPV4 in the observed TGF--driven membrane translocation of the TRPV4-PI3K complex. Under basal conditions, TRPV4 was present in the cytosol and plasma membrane of lung fibroblasts isolated from PI3K knockout mice, as shown by immunofluorescence ( Fig. 3, A and B) . Similarly, PI3K was found in the cytosol and plasma membrane of lung fibroblasts from TRPV4 knockout mice ( Fig. 3 , C and D). Treating the cells with TGF- induced the translocation of TRPV4-PI3K complexes to the plasma membrane, based on the increase of both TRPV4 and PI3K in the plasma membrane, as shown by immunofluorescence ( Fig. 3 , A to D), by Western blot of plasma membrane TRPV4 from a surface biotinylation assay (Fig. 3 , E and F), or by Western blot of PI3K in plasma membrane fractions ( Fig. 3 , G and H). TGF--induced translocation of TRPV4 was lost in cells lacking PI3K, and TGF--induced translocation of PI3K was lost in cells lacking TRPV4, indicating that the proteins were mutually required for one another's translocation to the plasma membrane ( Fig. 3 , A to H). Together, these data suggest that preformed cytosolic TRPV4-PI3K complexes translocate to the plasma membrane upon TGF- treatment.
The PI3K isoform is required for TRPV4 ion channel function
To determine the functional relevance of TRPV4-PI3K complexes at the plasma membrane, we examined whether PI3K was required for TRPV4 ion channel function in lung fibroblasts. Knocking down PI3K by siRNA in HLFs resulted in a loss of TRPV4 function, as measured by TRPV4 agonist-induced Ca 2+ influx ( Fig. 4 , A to D). Similarly, TRPV4 function was almost completely lost in fibroblasts from PI3K knockout mice, indicating that PI3K is required for TRPV4 function in lung fibroblasts (Fig. 4 , E and F). In contrast, knocking down the PI3K isoform had no effect on TRPV4 function ( Fig. 4 , A to D). This demonstrates that only the PI3K isoform functionally interacts with TRPV4. As a control, immunoblotting analysis of whole-cell lysates confirmed that the absence of TRPV4 function seen in PI3K knockout fibroblasts was not simply due to changes in TRPV4 abundance ( Fig. 4 , G and H). Together, these data demonstrate the selective importance of PI3K to TRPV4 ion channel function.
Both TRPV4 and PI3K are necessary for lung fibroblast responses to stiff substrates
To determine the role of TRPV4-PI3K complexes in the myofibroblast phenotype, we measured collagen production, contractility, myofibroblast transdifferentiation, and TRPV4 translocation in response to pathophysiological matrix stiffness in a loss-of-function context. TGF- stimulation promoted collagen-1 production (as determined by Western blotting) and contractile activity (as determined by traction force microscopy) in lung fibroblasts from wildtype mice, but not in lung fibroblasts from TRPV4 or PI3K knockout mice ( Fig. 5 , A to D), indicating a requirement for both TRPV4 and PI3K in these processes.
We have previously shown that TRPV4 promotes myofibroblast transdifferentiation in response to mechanical stimuli-specifically, that induced by culturing lung fibroblasts on substrates with the stiffness of fibrotic lungs (16) . Consistent with our previous findings, wild-type MLFs maintained the fibroblast cell identity on substrates with the stiffness of normal lungs (1 kPa) but transdifferentiated into myofibroblasts, as assayed by the presence of -smooth muscle actin (-SMA) in stress fibers, when they were cultured on substrates with the stiffness of fibrotic lungs (25 kPa) ( Fig. 5E ). The myofibroblast transdifferentiation response did not occur in lung fibroblasts from TRPV4 [ Fig. 5C and (16) ] or PI3K knockout mice ( Fig. 5E ), indicating that PI3K and likely the plasma membrane translocation of TRPV4 were required for the response to alterations in matrix stiffness over the pathophysiological range ( Fig. 5 , E and F). These results highlight the biological importance of TRPV4-PI3K complex translocation in the myofibroblast phenotype and thereby in the development of organ fibrosis.
Both TRPV4 and PI3K are required for myofibroblast transdifferentiation
To determine the physiological effects of TRPV4-PI3K complexes, we studied the effect of gain-and loss-of-function of TRPV4 and PI3K on myofibroblast transdifferentiation. Whereas lentivirus-mediated expression of TRPV4 stimulated transdifferentiation of lung fibroblasts from TRPV4 knockout mice into myofibroblasts, transgenic expression of PI3K did not ( Fig. 6 , A to F). Myofibroblast transdifferentiation was defined by incorporation of -SMA into actin stress fibers ( Fig. 6 , A and B) and an increase in the production of -SMA ( Fig. 6 , C to F). Conversely, whereas transgenic expression of PI3K stimulated transdifferentiation of lung fibroblasts from PI3K knockout mice into myofibroblasts, transgenic expression of TRPV4 did not ( Fig. 6 , A to F). That myofibroblast transdifferentiation only occurred in fibroblasts that produced both TRPV4 and PI3K extends our previous findings (16) by demonstrating that both TRPV4 and PI3K are required for myofibroblast transdifferentiation. Together, these data demonstrate a requirement for both TRPV4 and PI3K to drive myofibroblast transdifferentiation.
The noncatalyic, N-terminal domain of PI3K is necessary and sufficient for TRPV4 translocation and myofibroblast transdifferentiation
Class I PI3Ks are composed of a regulatory subunit (p85) and a catalytic subunit (p110). The catalytic activity of p110 resides in the C-terminal portion of the protein; the N-terminal domain has no catalytic activity and has a unique sequence and tertiary structure compared to the corresponding regions of the other class I PI3K catalytic subunits (19) . To more clearly define the functional domain of PI3K that was involved in its interaction with TRPV4, we tested full-length, wild-type PI3K (p110), a PI3K (p110) mutant including only the noncatalytic N-terminal domain (AA 1-142), or a PI3K (p110) mutant with deletions of the N-terminal domain and the adenosine triphosphate (ATP) binding site (N-del, AA 1-142, AA 948-981) for binding to and activation of TRPV4 ( Fig. 7A ). In vitro, purified PI3K bound endogenous TRPV4 from lysates of HLFs through its noncatalytic N-terminal domain (Fig. 7B) . The purified N-terminal domain of PI3K also bound with nanomolar affinity to chip-immobilized purified TRPV4 in a concentrationdependent manner (K d = 280 nM), as measured by SPR ( Fig. 7C ). Lentivirus-mediated expression of the N-terminal domain of PI3K in lung fibroblasts from PI3K knockout mice promoted the translocation of endogenous TRPV4 to the plasma membrane, as measured by immunofluorescence and immunoblotting of plasma membrane fractions ( Fig. 7 , D to F). Furthermore, the N-terminal domain of PI3K restored myofibroblast transdifferentiation comparably to full-length, wild-type PI3K (Fig. 7 , G and H). In contrast, the PI3K fragment lacking the N-terminal domain did not bind TRPV4 in HLF lysates or induce TRPV4 translocation or rescue myofibroblast transdifferentiation in PI3K-deficient murine lung fibroblasts ( Fig. 7 , B to H). Thus, the N-terminal domain of PI3K mediates the interaction between PI3K with TRPV4. In conclusion, our findings are consistent with the scaffolding function of PI3K being a critical, nonredundant function of PI3K that is not redundant with other class I PI3Ks, such as PI3K, and drives TGF--induced myofibroblast transdifferentiation through translocation of TRPV4-PI3K complexes to the plasma membrane.
DISCUSSION
Our previous work revealed that the mechanosensitive, Ca 2+ -permeable ion channel TRPV4 plays a key role in myofibroblast transdifferentiation and in vivo pulmonary fibrosis (16) . The current study was undertaken to define the intracellular signaling pathway by which TRPV4 mediates these effects. The results presented here reveal that TRPV4 interacts with the noncatalytic, N-terminal domain of PI3K to form TRPV4-PI3K complexes that translocate to the plasma membrane, thereby mediating myofibroblast transdifferentiation ( Fig. 8 ). Although previous reports classically show PI3K activation by GPCRs, data presented here show that an ion channel (TRPV4) was required for PI3K activity in lung fibroblasts. Conversely, PI3K was required for the activity of TRPV4. TRPV4 binding to PI3K was demonstrable with a dissociation constant (K d ) in the nanomolar range in vitro and by TRPV4-PI3K complex formation in fibroblasts. Upon TGF- stimulation, TRPV4 and PI3K were mutually required for one another's plasma membrane translocation and thereby their Ca 2+ influx and lipid kinase functional activities, respectively. The requirement for both TRPV4 and PI3K to induce myofibroblast transdifferentiation upon TGF- stimulation was demonstrated using gain-of-function approaches in either TRPV4-or PI3Kdeficient cells. TRPV4 binding to the N-terminal domain of PI3K was demonstrated both in vitro and in HLFs and shown to be sufficient for TGF--induced TRPV4 plasma membrane translocation and myofibroblast transdifferentiation. Together, this work demonstrates that the plasma membrane translocation of TRPV4-PI3K complexes is required for myofibroblast transdifferentiation.
Myofibroblasts are key profibrotic cell types through their capacity to secrete extracellular matrix proteins and profibrotic cytokines, and by their contractile nature (20, 21) . We have previously shown that TRPV4 is necessary for the cytoskeletal remodeling and increased production of -SMA and collagen-1 in response to TGF- (16) . We now extend these previous data to additional biologically relevant, profibrotic, TRPV4-mediated effects. Data presented here reveal that both collagen-1 production and contractility are increased in a TRPV4-and PI3K-dependent manner in response to TGF- treatment. The role of TRPV4 in cell-matrix interactions may be even more generalizable, because work from others has shown that TRPV4 mediates collagen fiber alignment and focal adhesion tension in mesenchymal stem cells (22) . In addition, our previous work revealed that TRPV4 is required for the substrate stiffness-dependent increase in myofibroblast transdifferentiation (16) . We show that PI3K was necessary for the mechanosensitive responses of myofibroblast transdifferentiation and TRPV4 plasma membrane translocation upon TGF- treatment. We previously showed that TRPV4 is re-quired for the generation of myofibroblasts in vivo as well as experimental pulmonary fibrosis and is dysregulated in human IPF (16) . Because myofibroblasts are the critical fibrogenic cells in many organs (lung, heart, skin, kidney, and liver), the translocation of TRPV4-PI3K complexes may drive fibrosis in many disease contexts. It has been reported that various stimuli, including hormones, cytokines, and sheer stress, can induce translocation of TRP-family channels to the plasma membrane in a cell type-, stimulus-, and context-specific manner (23) (24) (25) . There is some precedent for TRPV4 forming complexes with other proteins that alter its membrane trafficking (15) . Both PACSIN3 (protein kinase C and casein kinase substrate in neurons protein 3) and OS-9 (OS9 endoplasmic reticulum lectin) have been shown to bind TRPV4's N-terminal domain and thereby mediate TRPV4 endocytosis or release from the endoplasmic reticulum membrane, respectively (26, 27) . TRPV4 phosphorylation at Ser 824 promotes an interaction between TRPV4 and the store-operated ion channel STIM1 (stromal interaction molecule 1), thereby increasing TRPV4 abundance at the plasma membrane (28) . In addition, evidence supports a role for glycosylation of TRPV4 in regulating its maturation and trafficking (29, 30) . This study reveals that TRPV4 functional activity was induced at the plasma membrane in response to TGF- in a manner that depended on PI3K's noncanonical scaffolding function. The specific membrane trafficking events involved in our observed TGF--mediated increase in plasma membrane TRPV4-PI3K complexes are an area of active investigation. Myofibroblast transdifferentiation requires extensive remodeling of the cytoskeleton, the consequences of which are a highly organized stress fiber network, large focal adhesions, and induction of myosin activity, resulting in increases in intracellular tension (31) (32) (33) . The binding of TRPV4 to various cytoskeletal elements has been shown to regulate its subcellular location in a manner that depends on the phosphorylation state of its C-terminal cytoplasmic tail region (34) (35) (36) . Furthermore, the C-terminal region of TRPV4, which has a class II PDZ binding motif (Asp-Ala-Pro-Leu), has been shown to bind to PDZ domain-containing proteins, such as NHERF-4 (Na + /H + exchanger regulatory factor 4), that anchor cell surface receptors to the cytoskeleton (37, 38) . Evidence supports the notion that the regulation of TRPV4 activity through its interaction with the cytoskeleton is both bidirectional and critical to myofibroblast transdifferentiation (34) . For example, the effect of TRPV4 on myofibroblast transdifferentiation is intimately linked to cytoskeletal remodeling because TGF--induced actin polymerization depends on TRPV4, and the newly polymerized actin releases and enables the nuclear translocation of myocardin-related transcription factor A (MRTF-A, also known as MKL-1), a key transcriptional factor that drives myofibroblast transdifferentiation (16) . PI3Ks participate in myofibroblast transdifferentiation; however, the mechanism of their action has not yet been elucidated (39) (40) (41) (42) (43) (44) . Although class 1A PI3Ks (PI3K, PI3K, and PI3K) are downstream of tyrosine kinase receptors, the class 1B isoform PI3K plays a critical role in coupling signals downstream of activated GPCRs (39, 45) . Classically, G subunits recruit PI3K to the GPCR complex, wherein its kinase lipid function generates membrane phosphatidylinositol (PtdIns) 3,4,5-trisphosphate (PIP 3 ) from PtdIns 4,5-bisphosphate (PIP 2 ), resulting in activation of downstream signaling, including AKT (46, 47) . Our findings demonstrate a unique mechanism of PI3K recruitment to the plasma membrane through formation of an intracellular complex with TRPV4. Analysis of the crystal structure of PI3K reveals a horseshoe-shaped assembly of the enzyme with domains that have the propensity to interact with many proteins in a regulatory manner, including the p101 adaptor subunit, the small G protein Ras, GPCR kinase 2 (GRK2, also known as ARK1), phosphodiesterase (PDE), and protein phosphatase 2A (PP2A) (48) (49) (50) (51) . For example, interaction of PI3K with GRK2 results in the effective recruitment of the PI3K-GRK2 complex to the plasma membrane, independently of the G subunits of the G proteins (52) . Alternatively, the interaction of PI3K with the small guanosine triphosphatase (GTPase) Ras involves reciprocal regulation, wherein Ras is thought to activate PI3K and PI3K increases Ras activity (53) . Such reciprocal regu-lation is observed in our current study, wherein TRPV4 and PI3K were required for one other's recruitment to the plasma membrane following TGF- stimulation. Whereas both the  and  isoforms of PI3K were activated in response to TGF-, only PI3K was activated in a TRPV4-dependent manner and required for TRPV4 channel activity. Our observation that TRPV4 was required for PI3K recruitment to the membrane in response to TGF- supports a noncanonical, G-independent mechanism for the membrane recruitment of TRPV4-PI3K complexes. We provide strong data for a critical scaffolding role for the noncatalytic, N-terminal domain of PI3K and its interaction with TRPV4 in mediating myofibroblast transdifferentiation. The N terminus of PI3K contains an amino acid sequence that is not homologous to that of the other class I PI3Ks (19) . Although we found that the noncatalytic, N-terminal PI3K domain was required for the formation and translocation of TRPV4-PI3K complexes and for myofibroblast transdifferentiation, our data do not exclude the possibility that PI3K and PI3K also play additional, potentially redundant, roles that require their enzymatic activities in fibroblast activation (54, 55) . Further, because the N terminus of PI3K binds to protein kinase A (PKA), thereby promoting the degradation of cyclic adenosine monophosphate (cAMP), and cAMP has been implicated in myofibroblast transdifferentiation, the relevance of PKA binding to PI3K in fibroblast activation will be studied in future work (50, (56) (57) (58) (59) . After a more complete analysis of other binding partners of the TRPV4-PI3K complex, we aim to find a specific inhibitor for use both in vitro and in vivo so that we can more accurately determine the specific role of the TRPV4-PI3K complexes in myofibroblast transdifferentiation and in an in vivo model of pulmonary fibrosis.
Although we have uncovered a role for PI3K in translocating and sensitizing TRPV4, the precise membrane-targeting mechanism is an area for future investigation. We also show the reciprocal finding that TRPV4 can selectively translocate and activate PI3K. Thus, our studies have revealed a unique TRPV4-PI3K reciprocal regulatory mechanism following activation by TGF-. This work has important therapeutic implications. Given that both TRPV4 and PI3K have pleiotropic actions-both beneficial and detrimental-we hypothesize that specific targeting of the membrane translocation of TRPV4-PI3K complexes, or disruption of complex formation, which involves the N-terminal domain of PI3K, could provide a specific therapeutic approach for inhibiting myofibroblast transdifferentiation. Doing so may lead to treatment options for a broad array of fibrotic disorders.
MATERIALS AND METHODS

Antibodies and reagents
Antibodies specific for the following proteins were used: -SMA (1:5000) and collagen-1 (1:1000, Sigma-Aldrich); TRPV4 (1:500, Alomone Labs); p-AKT (Ser 473 ) (1:1000) and total AKT (1:1000, Cell Signaling Technology); PI3K (1:250), PI3K (1:250), and GRK2 (1:500, Santa Cruz Biotechnology); glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:10,000, Fitzgerald); 1 integrin (1:1000) and flotillin-1 (1:1000, BD Biosciences); TRPV2 (1:500, Boster); and 6-His (1:1000, Roche). Purified TGF-1 was purchased from R&D Systems and used at 2 ng/ml in all experiments. The TRPV4 agonist GSK1016790A as well as the TRPV4 antagonist RN-1734 (50 M) were purchased from Sigma-Aldrich. Alexa Fluor phalloidin, ProLong Gold Antifade Reagent, and Alexa Fluor-conjugated secondary antibodies were obtained from Invitrogen. Ni-NTA beads were purchased from Qiagen. Polyacrylamide gels of varying stiffness and the polyacrylamide substrates (shear moduli, 25 kPa) embedded with 0.2-m yellow/green fluorospheres used for traction force microscopy were purchased from Matrigen. All other chemicals were purchased from Sigma-Aldrich and Thermo Fisher Scientific.
Cell culture
Adult normal HLFs (19Lu, catalog no. CCl-210) were purchased from the American Type Culture Collection. Fibroblasts were maintained and propagated in modified Eagle's medium (MEM) supplemented with 10% fetal bovine serum (FBS), and all experiments were performed on early passages of cells. Primary murine lung fibroblasts were derived from 7-to 10-week-old PI3K knockout, TRPV4 knockout, or wild-type C57BL/6 mice and propagated as described previously (16, 51, (60) (61) (62) . All animal protocols were performed according to guidelines approved by Cleveland Clinic Institutional Review Board.
Western blotting
Western blotting analysis was performed as described previously (51, 63) on plasma membrane/cytosolic fractions, biotinylated cell surface proteins, or whole-cell lysates treated ± siRNA as described below, ± lentivirus as described below, ± 50 M TRPV4 antagonist RN-1734 (1 hour), or ± TGF- (2 ng/ml) (3 to 24 hours), and developed with an enhanced chemiluminescence system (Amersham ECL Prime Western Blotting Detection Reagent). Western blots were quantified using VisionWorks acquisition and analysis software version 8.19.17027 .9424 (Analytik Jena).
siRNA-mediated knockdown
All siRNAs were transfected into HLFs (19Lu) using siLentFect lipid reagent (Bio-Rad) according to the manufacturer's instructions. TRPV4-specific siRNA and control scrambled siRNA duplexes were purchased from OriGene and used at the indicated concentrations (48 hours of transfection). siRNA duplexes were created from human PI3K and PI3K complementary DNA sequences using Ambion or Qiagen siRNA design programs. The target 21-mer sequence for PI3K was AACTGAGCAAGAGGCTTTGGA, whereas for PI3K it was AAGGATATTCCCGAAAGCCAA (regions 777 to 795 base pairs). The PI3K and PI3K siRNA as well as the AllStars Negative Control siRNA were synthesized by and purchased from Qiagen and used at a concentration of 100 nM (72 hours of transfection). After transfection, cells were washed with serum-free medium (SFM) and transferred to 1% bovine serum albumin (BSA)-containing serum-free MEM ± TGF- (2 ng/ml, 3 hours), and Western blotting or calcium assays were performed as indicated.
Isolation of plasma membranes
Plasma membranes were prepared as published (51) . HLFs (19Lu) or MLFs were treated ± 100 multiplicity of infection (MOI) lentivirus as below, ± RN-1734 (50 M, 1 hour), and ± TGF- (2 ng/ml, 3 to 24 hours) and lysed with osmotic lysis buffer [25 mM tris-HCl (pH 7.4), 5 mM EDTA, and protease and phosphatase inhibitors]. Cells were homogenized, toggled at 4°C for 20 min, and centrifuged at 1000g at 4°C for 5 min to remove cell debris/nuclei. Then, the supernatant was centrifuged at 37,000g at 4°C for 30 min to pellet the membrane, which was resuspended in Triton lysis buffer [0.8% Triton X-100, 20 mM tris-HCl (pH 7.4), 300 mM NaCl, 20% glycerol, and protease and phosphatase inhibitors]. The supernatant contains the cytosolic fraction, which includes all intracellular membranes/organelles/ cytoskeletal proteins, whereas the pellet contains plasma membraneassociated proteins (18) . HLF (19Lu) plasma membranes were further subjected to immunoprecipitation and lipid kinase assays as below, whereas MLF plasma membranes were subjected to Western blotting. Alternatively, a cell surface protein isolation kit used for the biotinylation/isolation of cell surface proteins was purchased and used according to the manufacturer's instructions (Thermo Fisher Scientific).
Lipid kinase assays
Lipid kinase assays were performed as published (64) . PI3K or  isoforms were immunoprecipitated from a solution containing Protein A/G Plus Agarose beads (Thermo Scientific), PI3K or PI3K antibody (diluted 1:100), and 100 g of lysate from HLF (19Lu) plasma membrane fractions diluted in Triton lysis buffer as above. After washing, the beads were resuspended in 50 l of reaction buffer [10 mM tris-Cl (pH 7.4), 150 mM NaCl, 5 mM EDTA, and 100 M sodium orthovanadate] with 10 l of 100 mM MgCl. Then, 20 l of PtdIns (2.5 mg/ml, 50 g total) was dissolved in TE buffer [10 mM tris-HCl (pH 7.4) and 1 mM EDTA] and added to each reaction. The reactions were initiated by adding 1 l of a mixture of 10 l of 440 M cold ATP and 10 Ci of [-32 P]ATP, and the reactions were incubated at 25°C with continuous agitation for 10 min. The reactions were stopped by adding 20 l of 6N HCl. Lipids were extracted by adding 160 l of 1:1 chloroform:methanol, vortexing, and centrifuging. Thirty microliters of the organic phase (bottom phase) was spotted onto 200-m silica-coated thin-layer chromatography plates (Selecto Flexible; Thermo Fisher Scientific) pre-coated with 1% potassium oxalate. The plate was resolved via chromatography with 1:1.87 2N glacial acetic acid:1-propanol for about 6 hours. The plates were then dried and exposed, and lipid phosphorylation was visualized with autoradiography.
In vitro interaction assay
Baculovirus expression constructs of TRPV4, wild-type PI3K, N-term PI3K, and N-del PI3K were generated by subcloning the relevant sequences downstream of the 6× His tag sequence into pFastBac donor plasmids (Life Technologies), which were sequenced to confirm the in-frame subcloning. The donor plasmids were used to produce recombinant bacmid DNA by transposition using competent DH10Bac Escherichia coli cells (Kemp Bio.). The recombinant bacmid DNA was isolated and transfected into SF9 insect cells to generate recombinant baculovirus particles (Kemp Bio.). Recombinant proteins were then expressed by infecting insect cells with viral particles (Kemp Bio.) and purified using Ni-NTA affinity resin (Qiagen). Binding assays of Ni-NTA bead-immobilized 6-His-WT PI3K (wild type/full length), 6-His-N-term PI3K (only AA 1-142), or 6-His-N-del PI3K [AA 1-142 and AA 948-981 (ATP binding site)] with fibroblast lysate were performed in 1% NP-40 lysis buffer. The reactions were incubated overnight at 4°C with toggling, and then the beads were washed three times with phosphate-buffered saline (PBS). Washed Ni-NTA beads were heated to 95°C for 5 min in 2× Laemmli sample buffer, and the supernatant was subjected to SDS-polyacrylamide gel electrophoresis. Binding assays of immobilized 6-His-TRPV4 with pure wildtype PI3K were performed in sf9 lysis buffer [(20 mM Hepes (pH 7.4) (5.21 g), 50 mM KCl (3.73 g), 300 mM NaCl (17.53 g), 10% glycerol (167 ml of 60%), 14 mM 2-mercaptoethanol (1.1 ml), and protease inhibitor]. The reactions were incubated for 30 min at room temperature with shaking, and the beads were washed four times with PBS. Washed beads were heated to 95°C for 5 min in 2× Laemmli sample buffer and subjected to SDS-polyacrylamide gel electrophoresis. 
SPR assay
Lentiviral constructs
Lentiviral constructs for human influenza hemagglutinin (HA)-tagged wild-type PI3K (full length), HA-N-terminal PI3K (N-term, contains only AA 1-142), HA-N-terminal deleted PI3K [N-del, missing the N-terminal (AA 1-142) and the ATP binding site (AA 948-981)], and green fluorescent protein (GFP)-tagged full-length TRPV4 were produced by Cyagen Biosciences. For transduction, subconfluent PI3K knockout or TRPV4 knockout MLF monolayers were exposed to 100 MOI of one of the above lentiviral constructs (or a control lentivirus) for 48 hours in complete MEM supplemented with polybrene (8 g/ml, Santa Cruz Biotechnology). Cells were washed three times with SFM and transferred to 1% BSA/SFM ± TGF- for 24 hours. The cells were then either lysed in 1% NP-40 lysis buffer and Westernblotted for -SMA protein as above, subjected to plasma membrane isolation as above, or fixed and fluorescently stained as below. Transfection efficiency was determined by Western blotting for PI3K and TRPV4.
Immunofluorescence staining
Primary MLFs were plated on fibronectin-coated (10 g/ml) glassbottom plates or on polyacrylamide gels of pathophysiological range stiffness (Matrigen) and maintained in MEM supplemented with 1% FBS for 24 hours, followed by 0.4% FBS for 24 hours. Cells were then transferred to 1% BSA/serum-free MEM ± TGF- (2 ng/ml) for 24 hours. The attached cells were fixed with 4% paraformaldehyde, permeabilized by 0.05% Triton X-100, and blocked with 5% normal goat serum. To examine the -SMA-incorporated cytoskeletal fibers (indicative of fully differentiated myofibroblasts), the fibroblasts were incubated with primary anti--SMA antibody (1:1000) followed by Alexa Fluor 488 secondary antibody (1:500), whereas in some cases, F-actin was stained with Alexa Fluor 594 phalloidin (1:40). To examine TRPV4 and PI3K plasma membrane translocation, fibroblasts were incubated with primary anti-TRPV4 or anti-PI3K antibodies (1:100) followed by Alexa Fluor 488 secondary antibody (1:500). Images were acquired using a Leica DM IRB inverted microscope (Leica Microsystems) equipped with a Retiga-SRV camera and QCapture Pro software (QImaging), or with a Leica TCS-SP8-AOBS inverted confocal microscope using LAS X v3.1.5 with HyD detectors (Leica Microsystems GmbH). Digital fluorescence microscopic images were analyzed by ImageJ software.
Traction force microscopy
Polyacrylamide substrates (shear moduli, 25 kPa) embedded with 0.2-m yellow/green fluorospheres (Matrigen) were incubated with fibronectin (10 g/ml) for 2 hours. Wild-type MLFs, TRPV4 knockout MLFs, or PI3K knockout MLFs were plated on the gels and allowed to attach in 10% serum-containing media for 1 hour. The medium was aspirated and replaced with 1% BSA in SFM ± TGF- (2 ng/ml) for 48 hours. Images of gel surface-conjugated fluorescent beads were acquired from 10 different locations before and after trypsinization using a Leica DM IRB inverted microscope (Leica Microsystems) equipped with a Retiga-SRV camera and QCapture Pro software (QImaging) at ×10 original magnification. Bead displacement and resultant traction force were calculated using TractionsForAll v1.0 software (Mayo Clinic) as previously described (65) (66) (67) (68) .
Measurement of intracellular Ca 2+
Calcium influx in both human (19Lu) and primary MLFs was measured in relative fluorescence units (RFU), where RFU is internally referenced, and varies in a linear relationship to calcium concentration, using calcium 5 dye fluorescence on intact fibroblast monolayers (FlexStation 3, Molecular Devices) as previously published (16) . Fibroblasts were plated in 96-well plates coated with fibronectin and treated ± siRNA as indicated above or ± TGF- (2 ng/ml, 24 hours) in 1% BSA-containing serum-free MEM as indicated. For the calcium assay, cells were incubated for 45 min at 37°C with calcium 5 dye in 1× Hanks' balanced salt solution (HBSS) (pH 7.4) containing 20 mM Hepes (pH 7.4) and 2.5 mM probenecid. Calcium influx was induced by the TRPV4 agonist GSK1016790A [10 nM in HLFs (19Lu) and as indicated in MLFs]. Cytoplasmic calcium increases (Ca 2+ influx) were recorded by measuring F/F (max-min) and shown as RFU.
Statistics
All data are expressed as means ± SEM unless otherwise indicated. Statistical comparisons between control and experimental groups were performed using SigmaPlot software. Student's t test was used for two-group comparisons, whereas one-way analysis of variance (ANOVA) was used for comparisons between more than two groups. A Student-Newman-Keuls test was used to adjust for multiple comparisons. Values of P ≤ 0.05 were considered statistically significant.
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